ABSTRACT: Lignin is a high-volume byproduct from the pulp and paper industry and is currently burned to generate electricity and process heat. The industry has been searching for high value-added uses of lignin to improve the process economics. In addition, battery manufacturers are seeking nonfossil sources of graphitic carbon for environmental sustainability. In this work, lignin (which is a cross-linked polymer of phenols, a component of biomass) is converted into graphitic porous carbon using a two-step conversion. Lignin is first carbonized in water at 300°C and 1500 psi to produce biochar, which is then graphitized using a metal nitrate catalyst at 900−1100°C in an inert gas at 15 psi. Graphitization effectiveness of three different catalysts iron, cobalt, and manganese nitratesis examined. The product is analyzed for morphology, thermal stability, surface properties, and electrical conductivity. Both temperature and catalyst type influenced the degree of graphitization. A good quality graphitic carbon was obtained using catalysis by Mn(NO 3 ) 2 at 900°C and Co(NO 3 ) 2 at 1100°C.
INTRODUCTION
Lignin, a commonly occurring natural material, 1,2 is a complex polymer of aromatic alcohols. 3 It is mainly composed of coniferyl alcohol, sinapyl-based alcohols, and their derivatives, with small amounts of coumaryl alcohol derivatives. 4 The monomeric units of lignin are linked to each other mostly by ether linkages and carbon-to-carbon bonds ( Figure 1 ). 5 Typically, woody plants contain as much as 20−30 wt % lignin. 6 Hence, lignin is generated in large quantities (>50 million tons/year) in pulping spent liquor. This lignin is typically concentrated and burnt in pulp mills for steam generation. At present, only about 2% of the lignin produced in the pulp and paper industry is commercially used; about 1 million tons/year of commercial lignosulfonates originate from sulfite pulping and <0.1 million tons/year from kraft pulping. 7, 8 Current applications of lignin are in concrete admixtures, animal feed pellets, and roadside dust control, as dispersing, wetting, binding agents, etc. 9−14 As the supply of the unused lignin is much greater, there has been a renewed interest in the development of new value-added products from lignin. 15 Graphite is conventionally obtained by high-heat treatment (∼3000°C) or stress graphitization of carbon-rich feedstocks. 16 Due to the severity of process conditions, this method is expensive, complex, and limited in scalability. In addition, the produced graphite has a poor porosity due to nonexistent surface activation during the graphitization step. The graphitization temperature can be significantly reduced (down to ∼1000°C) by use of transition-metal catalysts such as Fe, Ti, Co, Ni, and Mn. 17−21 Metal impregnation during the graphitization process can also increase the porosity. 22−26 In recent years, several research groups have utilized biomass feedstock to produce graphitic porous carbons that have a certain graphitic order. 25−31 However, there has been only limited work on the utilization of lignin as a feedstock using catalysts. 32 Lignin, because of its aromatic molecular structure, presents an exciting feedstock for graphite production. 33−36 In this paper, we present a new approach based on lignin graphitization to produce porous carbons with a graphitic framework. Our two-step conversion strategy is based on a combination of hydrothermal treatment (HTC) and catalytic graphitization steps. In the hydrothermal treatment step, lignin precursor is converted to biochar. In the catalytic graphitization step, metal nitrates are used as catalysts at low temperatures (∼1000°C). Here, the process of graphitization is thermodynamically favorable because biochar is thermodynamically less stable than graphitic carbon. When thermally unstable biochar is converted to graphitic material, the electrical conductivity of the material improves. 37, 38 Carbon, without the use of any catalyst, was also prepared in the same way for comparison. The synthesized graphitic porous carbon exhibits a range of structural characteristics depending on this ability to separate each step during synthesis. 23 In addition, in this process wet lignin can be utilized, avoiding any drying costs.
EXPERIMENTAL SECTION
2.1. Chemicals. Lignin (Norlig A) was received from Lignotech. 39 Anhydrous ethanol (99.8%), iron(II), cobalt(II), and manganese(II) nitrate salts were purchased from Fisher Scientific. All the chemicals were used as received.
2.2. Conversion of Lignin to Graphitic Carbon. 2.2.1. Lignin Biomass to Biochar. Biochar was prepared from lignin by hydrothermal treatment. 40 Lignin (14 g) was mixed with deionized water (100 mL) and placed in a hightemperature, high-pressure Parr reactor. The conversion was carried out at 300°C and 1500 psi for 30 min. The temperature was selected as reported by Ramsurn et al. 40 The reactor was then allowed to cool to room temperature; here biochar, because of its hydrophobic nature, separates easily from the aqueous media. It is important to note that we have not used any catalyst during the biochar synthesis step. Yields were determined by weighing the produced biochar, which is next taken to the graphitization step. The overall conversion scheme is shown in Figure 2. 2.2.2. Catalytic Graphitization. Catalysts were added to the biochar by a solution impregnation method. Fe(II), Co(II), or Mn(II) nitrate solutions in ethanol, which were prepared in concentrations of 0.02 mol of Fe(II)NO 3 and 0.083 Mn(II)-NO 3 and Co(II)NO 3 mole-metal/g, were added to biochar. The resultant solutions were stirred at room temperature for 6 h, and then ethanol was removed under vacuum. The obtained mixtures were heated under argon at a heating rate of 20°C/ min and kept at the graphitization temperature, 900−1100°C, for 3 h. The product was then cooled and washed with 10% (w/w) HCl to remove catalysts. The final carbon samples were labeled as MeGCx, where Me denotes the metal catalyst used and x graphitization temperature in°C. For comparison, a graphitic carbonization (GC1000) sample was processed in a similar manner but without the use of catalyst. Replication of analysis was done. Around 5% measurement error was found which comes from contamination of the high-pressure reactor (it is very hard to remove entire bio char) and the difficulty of controlling metal catalyst concentration when the solvent was removed after mixing with biochar.
2.3. Characterization. The amount of moisture (at 105°C until the sample weight was constant), ash (combustion in nitrogen at 1000°C), elemental analysis (carbon, oxygen (determined by difference)), and hydrogen and nitrogen components of lignin were determined by Huffman Laboratories (Golden, Colorado).The high heating value (HHV) of materials were analyzed using an IKA C 200 calorimeter. Briefly, the solid powdered sample was put in a sample holder which is a transparent capsule with a known calorific value. The sample in the capsule was located in a stainless steel crucible in a bomb calorimeter and pressurized with oxygen at 34 bar. The HHV of the sample was automatically measured by the change of temperature of water by the heat generated from total combustion of the sample. The HHV value of the sample was obtained by subtracting the total HHV value from the HHV value of the capsule. The degree of graphitization was determined by collecting X-ray diffraction (XRD) patterns on a Siemens D5000 instrument operating at 40 kV and 40 mA, using Cu Kα radiation (k = 0.15406 nm) by scanning 2θ ranging 10−70°in X-ray diffraction spectra. X-ray diffraction was used as a template analysis (for degree of graphitization) including all temperatures and catalysts; thus, the best materials were investigated for further analysis. Raman spectra were obtained with a micro-Raman spectrophotometer (Horiba, Labram HR) applying an excitation wavelength of 532 nm as the light source. X-ray photoelectron spectroscopy (XPS) analysis was performed under a ultrahigh vacuum (UHV) on a ThermoFisher ESCALAB 250 imaging X-ray photoelectron spectrometer by applying a monochromatic Al Kα (1486.68 eV) X-ray source. An internal flood gun (2 eV) and a lowenergy Ar + external flood gun were applied for charge compensation during the data collection. The spectra were corrected using the C 1s peak at 284.6 eV. Avantage 5.932 data system used for XPS data analysis and peak fitting. Thermal stability analysis of lignin, biochar, and graphitic carbon materials was carried out on a Perkin thermogravimetric analyzer. The analyzer operated at a constant heating rate of 20°C /min with N 2 flow (ranging from 50 to 1000°C). Fourier transform infrared (FT-IR) spectra were collected to observe conversion of the reactants. A small amount of sample was placed directly on a Smart ATR using a Nicolet Nexus 670 FT-IR spectrometer and scanned from 4000 to 400 cm . A scanning electron microscopy instrument (SEM, Hitachi SU-70 FE-SEM) was operated at 10 kV to investigate the graphitic porous carbon structure. The Brunauer−Emmett−Teller (BET) surface area and pore size distribution of graphitic carbon materials were deduced from the isotherm analysis in a relative pressure range of 0.04−0.20 by a NOVA surface analyzer. Pore size distributions (PSD) were calculated using Electrical transport properties of GC1000 and MnGC1000 particles were characterized using two-terminal current−voltage (I−V) curves. The sample preparation process involved the dielectrophoretic (DEP) assembly of individual particles across spatially separated gold nanoelectrode pairs (Figure 3 ), which were defined on top of thin-film nitride (100 nm) coated silicon chips using a combination of electron beam lithography and metal lift-off steps. The DEP process employed the use of nonuniform, AC electric fields to localize single graphitic particles and yield their assembly at the electric-field maxima, which is located in the interelectrode gap region near the electrode surface. The control parameters for yielding single particle localization have been published in detail elsewhere as a part of previous studies involving one-dimensional constructs derived from manganese oxide and carbon material systems. 41−43 Briefly, an AC bias is applied across the nanoelectrode pair and a droplet, which contains a colloidal suspension of the graphitic particles in ethanol, is placed on the chip. As a result of the applied electric field, the particles become polarized and the induced dipole experiences a dielectrophoretic force. This DEP force attracts the particles toward the electric field maxima and yields their assembly on top of the gold nanoelectrodes. After assembly, the chip is dried using a nitrogen gun. The GC1000 particles were assembled by applying a 4 V bias at 1 kHz for 2 min. On the other hand, MnGC1000 particles were assembled using a 3 V bias at 1 kHz for 2 min. Representative images of the chip design and an assembled GC1000 particle are shown in Figure 3a ,b. graphitization (noncatalyst) at 1000°C with a value of 26 kJ/g. MnGC1000 shows the highest HHV values of 29 kJ/g, which is due to the removal of more oxygen during the catalytic graphitization steps. The average weight losses during the HTC step was about 64 wt %, and that during the graphitization step was 50 wt %.
Results of the thermogravimetric analysis are shown in Figure  4A . The initial mass loss in lignin corresponds to the loss of adsorbed water during heating. Similar trends were observed for biochar and MnGC1000. MnGC1000 has a high thermal stability due to its higher graphitic carbon content. Thus, carbons produced using metal nitrate catalysts have high thermal stability.
Lignin, biochar, GC1000, and Mn1000 samples were characterized by infrared spectroscopy in the near IR region (4000−600 cm −1 ) as shown in Figure 4B . Various bands in the spectrum were identified as corresponding to OH (3418 cm ). The most characteristic bands of lignin were at 1513 and 1597 cm −1 (aromatic ring vibrations) and between 1470 and 1460 cm −1 (CH deformation). The intensity of the −OH band decreased with hydrothermal treatment and disappeared completely with the graphitization process because of the loss of phenolic and alcoholic groups. Similar trends for the OH, OCH 3 , aliphatic CH, and aromatic rings ratios are observed. In short, all the functional groups of the lignin disappeared after catalytic graphitization.
3.2. Crystallographic Properties. The XRD patterns in the wide-angle region (10°−70°) permit an evaluation of the graphitic nature of the synthesized carbons. The XRD patterns of the graphitic carbons are shown in Figure 5 . As a reference, the XRD pattern of biochar (a) and noncatalysis GC1000 sample (c) are also shown. As expected, biochar (a) reveals almost no diffraction peak and GC1000 (c) exhibited only small characteristics of graphited carbon diffraction peak. These results are consistent with an amorphous framework. In contrast, the metal catalyzed carbons show intense XRD peaks at around 2θ = 26°and 44°. These peaks can be assigned to the (002) and (101) diffractions of a graphitic framework. 44 These results indicate that the formation of graphitic structures is promoted by heat treatment in the presence of metal nitrate catalysts. Similar results have been reported previously for graphitic carbons generated from metal-impregnated polymeric gels, aerogels, and biosource materials. 23−26 As shown in Figure  5 (left), MnGCs exhibited the largest graphitic carbon peaks among the three types of metal nitrate catalysts. In the case of MnGCs, MnGC900 (f) showed a sharper peak than MnGC1000 (e) and MnGC1100 (d). Although the MnGC900 has lower HHV value than MnGC1000 shown in Table 2 , it is found that the degree of biochar graphitization by manganese(II) nitrate impregnation is greater at the lower temperature because more amorphous carbon remains in the Figure 6 . XPS spectra of the CoGC1100, MnGC900, and GC1100. MnGC1000 structure. This is attributed to the high number of oxygenated functional groups in the carbons at low carbonization temperatures. 23 This presumably favors the reduction of metallic salts and formation of metal particles at relatively low temperatures.
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For the case of cobalt nitrate catalysis, the graphitization process started at 900°C (h) and almost stopped at 1000°C (i). As a result, increasing the temperature did not increase the graphitization. Graphitic carbon formation via iron nitrate catalysis requires a higher temperature of around 1100°C (k) and shows a higher XRD peak than graphitic carbon at 1000°C (l). The samples before acid wash still contain the metal originating from the catalyst. Mn and MnO (b) particles appear at around 39°, 45°, and 54°; and Co and CoO (g) particles appear at 49°and 58°, in XRD. 45 The graphitic carbon structures are formed by a series of steps in the catalytic process. When the biochar with metal salt is heated, the salt decomposes to form the corresponding metallic oxides such as MnO and CoO. With continued heating, the carbon−oxygen−metal structure reduces to a metal−carbon structure. When the temperature reaches 900°C or higher, the transformation of carbon from amorphous into a more ordered graphitic structure occurs, both catalyzed by metal and metal oxide particles. 23 Moreover, according to ref 46 , group IVb−VIIb metals on the periodic table are called graphitization catalyst metals because they have 2−5 electrons in the d-shell orbital, which make them capable of forming strong bonds between metal carbides and carbon-based materials. On the other hand, group VIII metals have 6−10 electron in their d-shell orbital, which makes them less active in terms of accepting electrons from carbon-based materials. This is consistent with our results that manganese (in VIIb group) shows a degree of graphitization higher than that of cobalt-and iron-based catalysts (in VIII group).
The nature of graphitization of carbon materials were further evaluated by Raman spectroscopy. The application of Raman as an evaluation degree of graphite was first reported by Tuinstra and Koenig. 47 The D band at around 1350 cm −1 corresponds to disordered graphitic lattice (A 1g symmetry).The D band which is in Raman inactive mode is related to loss of hexagonal symmetry in the graphite structure. The G band at around 1578 cm −1 is associated with the vibration of the ideal graphite lattice (E 2g symmetry) 48 shown on Figure 5 D. The G band which is in Raman active mode is referred to 2-dimensional high crystalline network structure. The intensity ratio of G band to D band (I g /I d ) is a good indicator of degree of graphitization for carbon-based materials. The I g /I d values were 1.1 and 1 for MnGC1000 and CoGC1000, respectively, which are higher than or comparable to previously reported data. 25, 28, 29, 38, 44, 49, 50 The elemental analysis and the nature of carbon materials were detected by XPS spectroscopy shown in Figure 6 and Table 3 . The carbon content of materials were 64, 64.9, and 50.4 for GC1100, CoGC1100 and MnGC900, respectively. The carbon types of materials classified such as graphitized carbon, that is, the CC groups (E B = 284.4 eV) and other forms of carbon (amorphous carbons) which are, i.e., C−C/CH x groups (E B = 285.1 eV), −C−O (E B = 286.2 eV) and >CO (E B = 287.2 eV). 30, 51 Although the GC1100 has higher carbon content on the surface than the metal catalyzed graphitic carbon, the MnGC900 and CoGC1100 show higher ratio of the graphitized carbon to amorphous carbon than the GC1100. The ratios of the graphitized carbon to amorphous carbon were 0.45, 0.53, and 0.60 for GC1100, CoGC1100, and MnGC900, respectively, which demonstrate that the formation of graphitic carbon was enhanced by including metal nitrate catalyst in the graphitization step.
3.3. Morphology and Pore Structure. The SEM micrographs of biochar, GC1000, MnGC900 (with metal), and MnGC900 (without metal) are shown in Figure 7 . Biochar particles are spherical in shape and are 4 μm in diameter. GC1000 are globular precipitated solids with 1−3 μm diameters, and MnGC900 solids are also globular with 2 μm diameters. Figure 7d shows SEM images of MnGC900 before acid washing, where a metal−carbon mixed structure is prominent. From the SEM micrographs of materials, the distribution of particle sizes within an order of magnitude is consistent with results observed for hydrothermal synthesis of particles. Also, we do not expect any size dependence on the properties of these materials because this is expected to occur only when their size extends within the nanometer-regime. At these size scales, we believe that the properties are largely determined by the degree of graphitization.
To probe porosity, nitrogen sorption−desorption isotherms were collected for CoGC1000, FeGC900, GC1000, and MnGC1000 graphitic carbons, as depicted in Figure 8 . The Brunauer−Emmett−Teller surface area (SA BET ) of graphitic carbons was found to be in the range of 150−250 m 2 g −1 as summarized in Table 4 . The surface area and pore size distributions of the GC1000 are similar to those of MnGC1000. FeGC1000 showed higher surface area than GC1000, most likely because Fe-based catalysis is more effective on surface activation. The pore size distribution curves (Figure 8, inset) show that MeGCs and GC1000 have major PSD peaks in the microporous and mesoporous ranges, suggesting that the resulting carbons have meso-and microporous structures.
3.4. Electrical Properties. A Keithley 2636B source meter was employed to probe the I−V behavior of individual particles. For instance, the I−V curves extracted from representative, single GC1000 and MnGC1000 particles are shown in Figure 9 . From the linear behavior of these plots, it is evident that an ohmic contact is established between the metal electrode and the graphitic particle. Furthermore, the MnGC1000 particle exhibits a much larger current (an order of magnitude higher) as compared to the GC1000 particle. This substantive increase in electric currents implies a higher electronic conductivity for the MnGC1000 particle, as compared to the GC1000 particle, and is attributed to its higher graphitic content as observed previously within the XRD data ( Figure 6 ). To extract the electronic conductivity of the particle from its resistance value, we have employed an analytical model for the resistance (R p ) of the particle segment, which spans the interelectrode gap and contributes to electric transport within this device. This is schematically shown in Figure 3c ,d, where the assembled particle has a radius R and an interelectrode suspended length of L 1 and L 2 within the left and right hemispherical components of the particle, respectively. The overall resistance of the particle is the sum of the individual contributions, which arise from the suspended segments of its left-side and right-side hemispherical components. The resistance of each hemispherical component of the particle is obtained by integrating the contributions from infinitesimally thin circular discs that span its thickness (Figure 3d ). For instance, the resistance of the suspended segment of the left-side hemispherical particle is calculated as
Thus, the overall resistance of the interelectrode suspended segment of the particle is given as
While the particle resistance is obtained from the I−V curves of Figure 9 , the geometric parameters such as R, L 1 , and L 2 are extracted from the SEM image of the assembled particle ( Figure 3 ). When these values are substituted in eq 2, the values for particle resistivity and conductivity can be obtained for representative GC1000 and MnGC1000 particles. These values, which are listed in Table 5 , point to an order of magnitude higher value for the conductivity of a MnGC1000 particle as compared to GC1000 particle because of its higher graphitic content. It is important to note that this electrical conductivity measurement approach involving single particles represents an improvement over past reports, which have employed bulk-scale aggregates or powders of particles. This is because measurements with aggregates of particles not only are influenced by the intrinsic conductivity of the particle, but also are impacted by the interparticle transport impedances. On the other hand, our approach with single particles provides insights into the conductivity of the particle while isolating the interparticle transport impedance.
CONCLUSIONS
Lignin can be successfully converted to graphitic carbon via hydrothermal carbonization followed by catalytic graphitization. Cobalt and manganese are better graphitization catalysts than iron. In addition, the extent of graphitization is dependent on the temperature. A good quality graphitic carbon was obtained using catalysis by Mn(NO 3 ) 2 at 900°C and Co(NO 3 ) 2 at 1100°C
. The produced material is free of lignin-functional groups, Figure 9 . I−V data acquired from individual MnGC1000 and GC1000 particles. shows high electrical conductivity, has both micro-and mesoporous structures, and is thermally stable.
